Introduction {#S0001}
============

The reported shelf-life of a therapeutic product is generally calculated using data from several sources and combined with statistical modelling to estimate the duration over which a product is expected to retain therapeutic efficacy, purity and safety.^[1](#CIT0001)^ To correctly model these shelf-lives, several quality attributes (QAs) are identified through quality risk management and experimentation, which may include any physical, chemical or biological properties/characteristics.^[2](#CIT0002)^ In the US, shelf-life assessment is often performed using a Quality by Design approach that ensures that the knowledge base accounts for the association between the clinical properties and selected QAs of a product, while further accounting for how variations in the manufacturing process may affect the QAs and clinical properties.^[2](#CIT0002)--[4](#CIT0004)^

Given that process-related changes in these QAs are to be expected during the biotherapeutic production cycle, substantial efforts have been made to identify any attribute that may affect the stability, safety or efficacy of the product.^[5](#CIT0005)^ Notable product QAs include, but are not limited to, formulation,^[6](#CIT0006),[7](#CIT0007)^ impurity-dependent fragmentation/proteolysis,^[8](#CIT0008)^ glycan profile^[9](#CIT0009),[10](#CIT0010)^ and oxygen- or light-dependent protein modifications.^[11](#CIT0011),[12](#CIT0012)^ Additionally, the cellular systems, such as Chinese hamster ovary cells,^[13](#CIT0013)^ used to express these biotherapeutics can cause variations in the active pharmaceutical ingredient QAs between production batches.^[5](#CIT0005),[14](#CIT0014)^

Subvisible protein aggregates, given their known association with immune-mediated responses, are a QA with direct safety-related concerns.^[15](#CIT0015),[16](#CIT0016)^ Several manufacturer-dependent factors known to enhance the risk of forming these subvisible aggregates include, but are not limited to, filtration,^[17](#CIT0017)^ agitation,^[18](#CIT0018)^ freeze-thaw and lyophilization.^[19](#CIT0019)--[21](#CIT0021)^ Because unfolding of the higher order structure (HOS) of monoclonal antibodies (mAbs) provides a pathway for aggregates to form, the effect of mAb thermal stability as a function of time on the formulated products needs to be evaluated. While higher temperatures lead to a greater risk of unfolding within proteins, including transient unfolding events, reduced thermal stability will further enhance the risk of potential protein denaturation, misfolding and aggregation.^[22](#CIT0022)^

Substantial efforts have been made by the manufacturers during product development and manufacture cycles to identify the consequences of long-term storage on the stability and safety of the products through the optimization of accessible storage and formulation conditions, using real-time/real-temperature data supported by the use of forced degradation studies.^[23](#CIT0023)--[25](#CIT0025)^ While ICH guidelines recommend that the expiration date only be calculated based on these real-time and real-condition datasets, accelerated storage studies are still considered extremely valuable despite the non-Arrhenius degradation behaviors associated with their use. Notably, accelerated storage studies represent an important approach for analytical method validation, in addition to the preliminary assessment of manufacturing process changes, such as scale-up and/or formulation changes.^[23](#CIT0023)^

Product formulation considerations known to affect the long-term stability of biotherapeutic products include both the concentration^[7](#CIT0007)^ and type of non-ionic detergent used (*e.g*., Polysorbate 20 vs Polysorbate 80).^[26](#CIT0026)^ Notable work by Singh and co-workers, using a variety of analytical methods, indicated that both Polysorbate 20 and Polysorbate 80 exhibited a high affinity for the mAb N-terminal variable (V~H~/V~L~)- and constant (C~1~/C~L)~- containing antigen-binding fragment (Fab) domain compared to the C-terminal Fc domains. Compared to Polysorbate 20, Polysorbate 80 was shown to exhibit a higher affinity for the Fab domain, and as a consequence may, provide enhanced levels of protection against tertiary structure perturbations within this region of the mAb.^[26](#CIT0026),[27](#CIT0027)^

Consistent with above concerns regarding long-term thermal stability on biotherapeutic HOS, we investigated the consequences of accelerated storage conditions (6 months at 25 ± 2°C, 60 ± 5% RH (relative humidity)) on four commercially available mAbs, bevacizumab (Avastin), trastuzumab (Herceptin), rituximab (Rituxan), and the NIST reference material 8671 (NISTmAb).^[28](#CIT0028)^ To provide additional sample comparison data, two different lots of rituximab were studied, including an in-date (unexpired) lot and an out-of-date (expired) lot with an expiration date several years before the start of the study, which was used as a negative control. Each of these biotherapeutic products exhibits variations in terms of their formulations ([Table 1](#T0001)) and sequences ([Table 2](#T0002)). To compare the effect of accelerated storage on the HOS of these products, four different mass spectrometric methods, including native ion mobility-mass spectrometry (IM-MS), collision-induced unfolding (CIU), hydrogen-deuterium exchange-mass spectrometry (HDX-MS), and intact protein reverse phase-liquid chromatography-mass spectrometry (RP-LC-MS), were used for analysis, each providing a complementary dataset.10.1080/19420862.2019.1599632-T0001Table 1.Product formulations of mAbs studied.Non-proprietary nameBevacizumabTrastuzumab/RituximabBrand-nameAvastinHerceptinNISTmAb RM8671RituxanConcentration\*25 mg/ml21 mg/ml10 mg/ml10 mg/mlStorage state (temperature)\*\*Liquid (2--8°C)Lyophilized powder (2--8°C)Frozen Liquid (−80°C)Liquid (2--8°C)Non-ionic detergent0.4 mg/ml Polysorbate 200.1 mg/ml Polysorbate 20/0.7 mg/ml Polysorbate 80α,α-trehalose dihydrate\*\*\*60 mg/ml19.1 mg/ml//Buffer Salt 15.8 mg/ml Sodium phosphate monobasic monohydrate0.3 mg/ml L-Histidine1.9 mg/ml L-Histidine7.4 mg/ml Sodium citrate dihydrateBuffer Salt 21.2 mg/ml Sodium phosphate dibasic anhydrous0.5 mg/ml L-Histidine HCl2.4 mg/ml L-Histidine HCl9 mg/ml Sodium ChlorideFormulated pH6.2666.5[^1] 10.1080/19420862.2019.1599632-T0002Table 2.Blast identity sequence similarity score,^[30](#CIT0030)^ as a percentage for all samples studied.Non-proprietary nameBevacizumabTrastuzumabNISTmAb RM8671RituximabBevacizumab/HC: 91%\
(V~H~ 68%)\
LC: 92%\
(V~L~ 86%)HC: 84%\
(V~H~ 43%)\
LC: 92%\
(V~L~ 68%)HC: 87%\
(V~H~ 54%)\
LC: 81%\
(V~L~ 66%)TrastuzumabHC: 91%\
(V~H~ 68%)\
LC: 92%\
(V~L~ 86%)/HC: 85%\
(V~H~ 48%)\
LC: 89%\
(V~L~ 81%)HC: 86%\
(V~H~ 51%)\
LC: 81%\
(V~L~ 65%)NISTmAb RM8671HC: 84%\
(V~H~ 43%)\
LC: 92%\
(V~L~ 68%)HC: 85%\
(V~H~ 48%)\
LC: 89%\
(V~L~ 81%)/HC: 81%\
(V~H~ 37%)\
LC: 83%\
(V~L~ 68%)RituximabHC: 87%\
(V~H~ 54%)\
LC: 81%\
(V~L~ 66%)HC: 86%\
(V~H~ 51%)\
LC: 81%\
(V~L~ 65%)HC: 81%\
(V~H~ 37%)\
LC: 83%\
(V~L~ 68%)/[^2]

Results {#S0002}
=======

Native ion mobility-mass spectrometry and collision-induced unfolding of biotherapeutics subjected to accelerated storage conditions {#S0002-S2001}
------------------------------------------------------------------------------------------------------------------------------------

The effects of accelerated storage conditions on the native-like folded protein structure of the biotherapeutics included in this study were examined with gas-phase travelling-wave collision cross sections measured in Nitrogen (^TW^CCS~N2~) measurements using native IM-MS.^[31](#CIT0031),[32](#CIT0032)^ With optimized instrumental parameters, native IM-MS methods are generally accepted to provide biologically relevant measurements of the rotationally averaged solution phase structure.^[33](#CIT0033),[34](#CIT0034)^ Several relevant review articles provide comprehensive information on IM-MS.^[31](#CIT0031),[32](#CIT0032)^

Calculated ^TW^CCS~N2~ values comparing the selected biotherapeutics before and after incubating for six months at the accelerated storage conditions (25 ± 2°C with 60 ± 5% RH) stipulated by the International Council for Harmonisation (ICH) are presented in [Figure 1](#F0001); additional data is provided in supporting information (SI) Table 1. Across all samples studied, the ^TW^CCS~N2~ values were consistent with previously published theoretical cross section values using the trajectory method.^[36](#CIT0036)^ However, these data were not consistent with previously published data that inferred a degree of gas phase structural compaction occurring.^[36](#CIT0036),[37](#CIT0037)^ Therefore, accounting for the errors presented, no change in the rotationally averaged structure of the mAbs studied was observed after the 6-months incubation period at the stated accelerated storage conditions.10.1080/19420862.2019.1599632-F0001Figure 1.Native ion mobility-mass spectrometry analysis of mAbs before and after incubation at the ICH-stipulated accelerated aging conditions. Comparison of ^TW^CCS~N2~ data for samples before and after accelerated aging at 25°C, 60% relative humidity. Plots of m/z vs drift time (tD) are shown for bevacizumab both before (a) and after (b) accelerated aging. Averaged ^TW^CCS~N2~ data for all samples are shown in c. Replicate errors shown are 2x the standard deviation. \* highlights the +22, nearest-native, charge state^[35](#CIT0035)^ used to calculate ^TW^CCS~N2~ presented in c.

These data suggest that either there is no change in rotationally averaged mAb structure, or highly localized minor structural variations in HOS may be too subtle to resolve using cross-sectional analysis given the lower spatial resolution of the measurement. Thus, orthogonal approaches were applied to examine the impact of accelerated storage conditions on the structural stability of the mAbs studied.

In tandem with the above native IM-MS studies, we further leveraged the power of CIU,^[34](#CIT0034),[38](#CIT0038)--[40](#CIT0040)^ which is considered an orthogonal measurement to differential scanning calorimetry,^[41](#CIT0041),[42](#CIT0042)^ to measure differences in the gas phase stability of the chosen biotherapeutics before and after sample incubation. CIU leverages the capability of IM-MS to measure changes in structural conformation as a function of gas-phase collisional activation.^[38](#CIT0038)^ Changes in the structural stability of the gas phase ions can then be quantified against reference datasets using difference plots and scaled deviation score (SDS) values.^[43](#CIT0043)^

Data comparing the stability of a control against mAbs subjected to accelerated aging conditions (6 months) are presented in [Figure 2](#F0002), with additional data presented in SI Figures 1 and 2. These data demonstrated that, as a consequence of the storage conditions used, changes in biotherapeutic structural stability were readily observed by CIU-IM-MS. These changes were especially pronounced for the unexpired lots (bevacizumab, trastuzumab, NISTmAb and in-date rituximab), after incubating at the 6-month accelerated storage conditions, with localized SDS unfolding differences all exceeding 300 at 1.44 *k*eV (lab frame energy) compared to the baseline at 0.5 *k*eV ([Figure 2d](#F0002)). These observations were further supported by greatly increased root-mean-square deviation (RMSD) difference plot scores (\> 6%), indicative of these changes in unfolding ([Figure 2c](#F0002)). Consistent with these observations, excluding the expired rituximab lot that showed no difference, samples stored under the manufacturer-recommended conditions (2--8°C) retained these reproducible changes in unfolding (SI Figure 1). However, compared to lots incubated at the ICH-stipulated accelerated storage conditions, samples incubated at the manufacturer-recommended conditions exhibited smaller changes in SDS intensity (≤200, SI Figure 1) at 1.44 *k*eV.10.1080/19420862.2019.1599632-F0002Figure 2.Comparison of collisionally unfolded mAbs before and after incubation at the ICH-stipulated accelerated aging conditions. Control CIU (a) data revealed three dominant unfolding populations (1, 2 and 3) in addition to the native-like conformation (N) for all mAbs studied. Samples subjected to accelerated aging (b) exhibit a similar unfolding profile, with an additional unfolding population (*x*) observed between the native and previously initial unfolding population (1). Difference plot analysis (c) highlights the extent of the unfolding differences between samples. Plotting the scaled deviation scores (SDS) (d) revealed characteristic spikes consistent with the appearance of a structural unfolding population denoted as '*x*.' Despite minimal observable changes in the difference plot for the expired rituximab, the SDS plot highlights the consequences of accelerated aging on the sample.

Compared to the unexpired sample lots (bevacizumab, trastuzumab, NISTmAb and in-date rituximab), the expired rituximab lot exhibited smaller changes in SDS intensity under the accelerated storage conditions (−183.6 ± 28.6 at 1.44 *k*eV) ([Figure 2d](#F0002)). No changes were observed for those samples that were stored under the manufacturer recommended conditions (2--8°C, SI Figure 1d). These observations are further supported by minimal changes in the global unfolding profile, by difference plot analysis with RMSD values ≤ 3.06% ([Figure 2c](#F0002), and SI Figure 1c).

Closer inspection of the data presented above revealed that the most pronounced changes in SDS, at 1.44 *k*eV ([Figure 2d](#F0002)), occurred in tandem with the emergence of a new structural unfolding species identified here as '*x*'. Importantly, this pronounced change in the SDS was found to be consistent across all samples studied (bevacizumab, trastuzumab, NISTmAb, in-date and expired rituximab), and highlighted a possible universal pathway for changes in HOS stability that occurred as a function of time. These data further revealed additional downstream unfolding differences in stability, notably trastuzumab was shown to exhibit a spike in SDS at 2.25 *ke*V consistent with the unfolding transition between intermediate 1 and 2. Given an SDS difference threshold of ±100, changes in the unfolding transition between intermediates 1 and 2 were observed in all but the expired rituximab sample. These data therefore revealed that, while the most prevalent change in stability may be argued to exist between the native state and initial unfolding intermediate, the SDS approach is capable of monitoring more subtle localized changes in biotherapeutic stability across the entirety of the unfolding study.

Importantly, our data highlighted that the structural stability of '*x*' increased over time at the expense of both the native conformation and proceeding unfolding intermediate (intermediate 1, [Figure 2](#F0002)). The increased stability of '*x*' was further observed in tandem with the reduced lifetime of the native-like fold under CIU conditions ([Figure 2](#F0002)). Taken together these observations are attributed to the thermal stability decrease of the biotherapeutics tested over time. The reduced thermal stability of the native conformation may indicate an increased risk of protein misfolding that may in turn act as a pathway to subsequent protein aggregation.^[44](#CIT0044)^ Furthermore, the existence of such misfolded species could further increase the inherent risk of immunogenic responses, either directly or through an downstream subvisible aggregate formation.^[45](#CIT0045)^

Hydrogen-deuterium exchange mass spectrometry of biotherapeutics subjected to accelerated storage conditions {#S0002-S2002}
------------------------------------------------------------------------------------------------------------

While CIU-IM-MS is capable of detecting storage-dependent changes in thermal stability, we were interested in confirming the impact of these conditions on the HOS of mAbs studied using an in-solution labelling approach. HDX-MS was therefore chosen for these studies among all available in-solution labelling approaches, including covalent labelling and fast photochemical oxidation of proteins,^[46](#CIT0046)--[48](#CIT0048)^ due to both the commercial availability of suitable hardware and well-established methodology. HDX-MS measures mass shifts associated with labile hydrogen-deuterium exchange events as a function of time to determine localized changes in analyte HOS relative to a reference. Areas of increased or lower relative deuterium uptake are indicative of changes in HOS, which reflect the reduced or enhanced protection, respectively, of labile hydrogens in a manner highly correlated with solvent exposure.^[49](#CIT0049),[50](#CIT0050)^

Sequence coverage, replicable across all conditions studied, for the respective mAbs were as follows: bevacizumab 86.7% HC/59.8% LC; trastuzumab 89.3% HC/86.4% LC; NISTmAb RM8671 79.1% HC/53.1% LC; and rituximab 84.2% HC/98.1% LC. Coverage maps are shown in SI Figure 3. Regions of poor mAb sequence coverage were primarily located within the V~L~ domain (bevacizumab and NISTmAb RM8671), the inter-chain disulfide bond dense stretch of the heavy chain hinge region and the C-terminal flanking constant (C~2~) domain that contains the conserved mAb N-linked glycosylation site. Regions of poor sequence coverage represent the limit of the method, as differences in comparator HOS will not be detected in these areas by this technique.

Data comparing the fractional and relative deuterium uptake for control samples, as well as those subjected to accelerated aging, are presented in [Figure 3](#F0003). The same data for samples subjected to storage at the manufacturer-recommended conditions are included with SI Figure 4. These data demonstrated an important trend among the majority of samples studied: while sporadic, differences (\>±1 Da relative difference)^[50](#CIT0050)^ in deuterium uptake were observed across the length of the mAb, the majority of these changes were clustered within the Fab structural domains (V~H~, V~L~, C~1~, and C~L~). These observations were further supported by the mirrored changes in deuterium uptake between the C~1~ domain of the mAb heavy chain and C~L~ of the adjacent light chain. These results are consistent with those performed by Zhang and co-workers, who reported that the most significant changes in deuterium uptake for a bevacizumab sample subjected to thermal stress (3 minutes at 65 or 70°C) were located within the N-terminal Fab domain.^[54](#CIT0054)^ Compared to our data, the changes in deuterium uptake observed by Zhang and co-workers occurred over a broader region of the Fab domain, including both the variable (V~H~/V~L~) and constant domains (C~1~/C~L~). While differences in relative deuterium uptake were observed in both the heavy and light chain of the N-terminal variable domain (V~H~/V~L~) of our dataset, the differences existing between the dataset here and of Zhang and co-workers are considered to be due to differences in the incubation conditions used. Taken together, these changes highlight potential pharmacodynamic concerns, given the requirement of the Fab domain for *in situ* antigen binding efficacy.^[51](#CIT0051),[52](#CIT0052)^10.1080/19420862.2019.1599632-F0003Figure 3.Hydrogen-deuterium exchange-mass spectrometry analysis of mAbs before and after incubation at the ICH-stipulated accelerated aging conditions. Butterfly line plots comparing deuterium uptake of control samples (top half) and those subjected to 6 months accelerated aging (bottom half), under the various deuterium incubation period studies (a). Relative difference uptake bar charts compare the sum difference in deuteration between the control and accelerated aging samples (a). Colored bars are used to highlight the position of the respective peptides relative to the core domains of the mAb, highlighted on the representative IgG1 structure (b).^[51](#CIT0051),[52](#CIT0052)^ Peptides with relative difference values exceeding a significance threshold of ±1 Da are highlighted using the black and red striped bars. Sequence coverage maps for all mAbs studied are shown in the supporting information (SI Figure 3).

Compared to all other samples studied here, the NISTmAb presented smaller changes in relative deuterium uptake. The observed differences were also more sporadic, and located across the length of both the heavy and light chains. These differences are attributed to its greater thermal stability as observed by CIU-IM-MS ([Figure 2](#F0002)).

Reverse phase accurate mass analysis of biotherapeutics subjected to accelerated storage conditions {#S0002-S2003}
---------------------------------------------------------------------------------------------------

To examine if any changes occurred in the modifications, or if any proteolytic cleavages occurred after the ICH-recommended 6-month accelerated storage period, intact mAbs were analyzed by RP-LC-MS. This approach uses minimal sample handling, combined with a shortened reverse-phase chromatography step to permit the rapid intact mass analysis of all biotherapeutic glycoforms, and protein fragments.^[55](#CIT0055)^ This approach was chosen because the glycan profile has been shown to impact immunotolerance,^[9](#CIT0009)^ while proteolytic fragments represent previously reported age-dependent impurities.^[55](#CIT0055)--[57](#CIT0057)^

Intact RP-LC-MS data comparing the fractional abundance of all species observed are presented in [Figure 4](#F0004). As a function of time, accounting for replicate error, no changes in the glycoform distributions were observed. When comparing the expired and unexpired lots of rituximab both before and after the accelerated storage conditions, we were able to identify differences in the high fractional abundance galactose-containing glycans. While these observations are potentially indicative of the effects of sample aging, we cannot confirm these conclusions given the absence of prior data supporting the glycan distribution of the expired rituximab sample, at an age comparable to that of the unexpired lot (*i.e*., before its own expiration date).10.1080/19420862.2019.1599632-F0004Figure 4.Reverse phase intact accurate mass analysis of mAbs before and after incubation at the ICH-stipulated accelerated aging conditions. Data highlight the fractional abundance of all observed glycoforms for bevacizumab (a), trastuzumab (b), NISTmAb (c) and both expired and in-date lots of rituximab (d). Masses consistent with a non-biologically relevant 2:2 ratio of heavy chain (HC) and light chain (LC) are denoted proceeding the glycan identification. \* denotes one series of a heavy chain clipped variants, observed only in bevacizumab, with the site of the proteolytic cleavage highlighted. Error bars presented are representative of 2x the standard deviation. The glycan nomenclature is consistent with that commonly used to describe immunoglobulin glycoforms.^[53](#CIT0053)^ Measured masses, including PPM mass errors for all data, are presented in the supplementary information (SI Table 26).

While no in-lot changes in the biotherapeutic glycoforms were identified for any of the samples studied, based on the intact mass analysis of bevacizumab, we were able to identify a number of proteolytic fragments after the 6-month incubation period. Three sites for proteolytic cleavage, all lacking the heavy chain N-terminal domain, were identified. The cleavage sites were all found within the variable (V~H~) to first constant (C~1~) interdomain region of the heavy chain, S105/S106, S106/H107, and D111/V112. The S105/S106 cleavage products were found exhibiting two different glycan distributions, G0F/G1F and G0F/G0F, while S106/H107 was identified based on mass alignment with the intact G1F/G1F glycoform. All three of these proteolytic products were identified with mass errors less than 20 ppm (SI Table 2). Comparatively, the D111/V112 (G1F/G2F) proteolytic fragment was identified with a mass error of 75 ppm, and therefore represented a lower confidence mass assignment.

Taken together, these time-dependent clipped variants represent potential product-related concerns, given the potential pharmacodynamics impact of removing the N-terminal antigen binding domain.^[51](#CIT0051)^ The clustering of these fragments within the interchain V~H~/C~1~ domain is of further interest, as it represents a potential hotspot for product degradation similar to previously published data.^[58](#CIT0058)^ Accounting for the mass accuracy of the method, except glycan and proteolytic light chain/heavy chain clipping variants, no other degradations were observed. This is unsurprising given that degradation events, such as deamidation, may impart only small mass shifts (+1 Da). As these modifications can affect the total product charge, however, ion exchange chromatography^[59](#CIT0059)^ or microfluidic capillary electrophoresis^[60](#CIT0060)^ approaches may be better suited for identifying these subtle changes in mass.

Discussion {#S0003}
==========

The impact of accelerated storage on the HOS and thermal stability of a series of mAb products are reported here as assessed by complementary mass spectrometry techniques. Notably, these data support the application of CIU-IM-MS for revealing storage-dependent changes in structural stability. Such observations highlight possible concerns regarding protein misfolding events, as a function of increased system entropy, which may result in the reduced safety or efficacy of the products. In contrast, native IM-MS approaches revealed no measurable differences in the rotationally averaged cross-sectional structure of the mAb sample set. Considering that several degrees of freedom are exhibited by mAbs both in solution^[61](#CIT0061),[62](#CIT0062)^ and the gas phase,^[36](#CIT0036),[37](#CIT0037)^ these results are not surprising given that any minor changes in structure would be readily masked by this inherent structural flexibility. These results are consistent with previous reports presented by Tian and co-workers,^[63](#CIT0063)^ where IgG subtypes (IgG1, IgG2, IgG3, and IgG4) were observed to be structurally indistinguishable by IM-MS despite observed differences in CIU pathways. The observed differences in CIU were attributed to differences in the respective disulfide bonding patterns of the IgG subtypes, with the extent and pattern of disulfide bonds imparting varying degrees of conformational stability. Based on these critical data, we speculate here that the observed differences in CIU between biotherapeutics subjected to unfolding at 0 and 6 months ([Figure 2](#F0002)) may be indicative of disulfide bond rearrangements occurring over the stated time period. Supporting these considerations, data presented by Paborji and co-workers^[64](#CIT0064)^ identified an increased risk of disulfide bond breakage occurring within a mAb incubated at higher temperatures. Additional reports further support the conclusion that these breakages, along with any sequential bond formation, can affect the stability of mAbs.^[65](#CIT0065)--[67](#CIT0067)^ However, given the absence of any disulfide mapping approach in our study, such as those previously reported in the literature,^[68](#CIT0068)^ we cannot conclusively support our hypothesis using CIU-IM-MS data alone.

Complementing our CIU-IM-MS stability analysis, our HDX-IM-MS data revealed the impact of accelerated aging on the HOS of our chosen biotherapeutics. These HDX-IM-MS data indicate that the most notable changes in deuterium uptake occur within the Fab domain ([Figure 3](#F0003)). Similarly, Zhang and co-workers reported the most significant changes in deuterium uptake for a bevacizumab sample subjected to thermal stress were located within the N-terminal Fab domain.^[54](#CIT0054)^ In their work, the authors were further able to show that the observed changes in deuterium exchange were due to localized unfolding events, which were correlated with increased non-native aggregate states observed by complementary methods,^[54](#CIT0054)^ and revealed potential sample-related safety or efficacy concerns.

Using intact RP-LC-MS accurate mass analysis, no changes in protein modifications with a fractional abundance above 0.5% were observed. These observations are important given the known effects of modifications, including oxidation, on the thermal stability of proteins.^[69](#CIT0069),[70](#CIT0070)^ However, given the overall mass complexity of these biotherapeutics, more subtle changes in intact mass may be masked, and would be better characterized using methods that are capable of separations based on charge (*e.g*., ion exchange chromatography^[59](#CIT0059)^ or microfluidic capillary electrophoresis^[60](#CIT0060)^). Alternatively, or in combination with the above separation techniques, steps could be made to reduce the mass complexity of the analyte using limited or complete proteolysis with middle-down and bottom-up proteomics approaches.^[71](#CIT0071),[72](#CIT0072)^

While no new protein modifications were observed, we were able to identify proteolytic degradation products for bevacizumab. These proteolytic degradation products, centered within the heavy chain V~H~/C~1~ inter-domain region, are supportive of a 'proteolytic hot-spot' which is consistent with previously published data.^[58](#CIT0058)^ These proteolytic fragments are of concern when discussing the QA of a biotherapeutic, given the consequences of such proteolysis events on the structure of the antigen binding domain.

Based on our data and the methods used herein, we argue here that the most predominant accelerated aging-dependent QA changes can be attributed to changes in the HOS of the Fab domain ([Figure 3](#F0003)). These changes in HOS can in turn be correlated with the reduced thermal stability of the native mAb conformation, preceding the formation of an increased stability unfolding population that we have identified here as '*x*' ([Figure 2](#F0002)). Furthermore, our RP-LC-MS studies have revealed a potential hot-spot for proteolysis between the V~H~ and C~1~ domains of the bevacizumab Fab domain ([Figure 4](#F0004)). Taken together these data highlight potential pharmacodynamics and pharmacokinetics issues given the importance of the Fab domain and HOS stability on the efficacy of these biotherapeutic products.

While the observed changes in HOS and stability appear ubiquitous between the biotherapeutics studied, notable differences between CIU-IM-MS and HDX-MS data are observed when these are compared side by side. Comparing the impact of the accelerated storage conditions used, bevacizumab revealed the most notable change in unfolding, with population '*x*' exhibiting an increased gas phase lifetime as a function of activation energy (\~625 eV) compared to the remaining samples studied (≤315 eV) ([Figure 2](#F0002)). While trastuzumab has a point-of-use concentration (21 mg/ml) and non-ionic detergent (0.1 mg/ml Polysorbate 20) profile comparable to bevacizumab (25 mg/ml, 0.4 mg/ml Polysorbate 20), the former is supplied and stored as a lyophilized product prior to the point of use reconstitution. Under carefully controlled conditions, and given suitably low residual moisture content (\<0.5%), lyophilization is known to be capable of increasing storage stability.^[73](#CIT0073)^

Based on the above considerations, the observed thermal stability differences between the native state of bevacizumab and all other samples studied may be represented by one or both of the following sample dependent variables: 1) formulation dependent effects, including the impact of the non-ionic detergent used and application of lyophilization to increase the long-term storage stability prior to the point of use ([Table 1](#T0001));^[7](#CIT0007)^, [^2^](#T0002)^[6](#CIT0006),[73](#CIT0073)^ and 2) sequence-dependent effects ([Table 2](#T0002)), likely localized within the variable domains given an average similarity of 61 ± 15% compared to \>98% across the remaining sequence.

In conclusion, our investigation of a series of commercial therapeutic products importantly highlights the consequences of biotherapeutic accelerated storage on the HOS and thermal stability. These data further reveal the capability of native IM-MS, CIU-IM-MS and HDX-IM-MS to examine these differences. Future work is needed to identify the consequences of product formulation differences, notably the effect of detergent concentration, to enable us to more conclusively determine the cause and effect relationships that we observed. These future studies would benefit from the expansion of analysis approaches to include both disulfide bond mapping, and a suitable charge variant analysis approach in lieu of the RP-LC-MS approach used here. Additional considerations for experimental methods that provide aggregate level information, including size-exclusion chromatography^[74](#CIT0074)^ and subvisible particle analysis approaches,^[75](#CIT0075)^ would provide valuable data on the downstream effects of these changes in HOS and stability.

Materials and methods {#S0004}
=====================

Five different mAb lots, across four different products, were chosen for this study. Products selected were the NIST reference material RM8671 (NISTmAb),^[28](#CIT0028)^ and three commercially available mAb products from the same manufacturer (Genentech, San Francisco, CA): bevacizumab (Lot\# 3049679), trastuzumab (Lot\# 3049782), and two separate lots of rituximab (Lot\# 461034 and 3031077). Excluding trastuzumab, all samples were supplied as liquid formulations for storage at 2--8°C. Trastuzumab was supplied as a lyophilized product, for storage at 2--8°C, which was reconstituted per manufacturer guidelines at the start of the studies. Additional details regarding product formulations, including concentrations, are provided in [Table 1](#T0001). With the exception of one lot of rituximab (Lot\#:461034, expiration date: July 2014) chosen as a negative control, all therapeutic mAbs were used within one month of their expiration date by the end of the study (August 2017).

According to ICH guidelines Q1A^[76](#CIT0076)^ and Q5C,^[23](#CIT0023)^ samples were aliquoted undiluted into 2 ml amber borosilicate HPLC vials (Agilent, Santa Clara, CA) to mimic the final product packing material used by the manufacturer. Vials were capped using lids having a PTFE insert, and purged with nitrogen. Four separate vials of each mAb were incubated at the ICH-specified accelerated storage conditions for refrigerated products, 25 ± 2°C and 60 ± 5% RH, for the specified minimum of 6 months, in the absence of light using a TPS (New Columbia, PA) C-EVO temperature/humidity test chamber.^[23](#CIT0023),[76](#CIT0076)^ Additional triplicate tests were performed on separate samples, incubated under the same ICH-specified conditions, at 1 and 3 months. Control samples, stored in the absence of light at the manufacturer-recommended storage conditions (2--8°C, ambient humidity), were tested in triplicate at 0 and 6 months. All samples were stored vertically to prevent interactions between the sample and the lid.

All IM-MS experiments, including CIU, were performed using a Waters (Milford, MA) Synapt G2-Si. IM-MS instrumental parameters were optimized to prevent unnecessary gas phase activation, consistent with previously published methods.^[33](#CIT0033)^ Immediately prior to analysis, samples were buffer exchanged into 150 mM ammonium acetate (Fisher Chemical, A114) (pH 6.9) using Amicon Ultra centrifugal filters (EMD Millipore, Burlington, MA) with a 10 kDa cut-off and diluted to 5 µM using the same buffer for analysis. Samples were ionized using a nano-electrospray source operated in positive ion mode, using coated borosilicate capillaries (New Objective, Woburn, MA), with the source cone set at 40 V operating at a temperature of 30°C. Nitrogen traveling wave ion mobility collision cross section (^TW^CCS~N2~) values were calculated as the average of each technical replicate acquired under 3 different ion-mobility parameter sets, using previously published methods.^[33](#CIT0033),[77](#CIT0077)^ CIU experiments were performed on the quadrupole selected +25 precursor ion, with the trap activation energy ramped from 20V to 120V in 2.5V increments. CIU fingerprint, difference plot and SDS scoring analysis were performed using an in-house MATLAB (MathWorks, Natick, MA) script adapted from the CIUSuite analysis package originally written in the Python coding language.^[43](#CIT0043)^ Data were imported into MATLAB using datasets normalized in Microsoft Excel (Redmond, WA), with minimal smoothing applied using MassLynx (Waters, Milford, MA). Data presented are the averaged technical replicates for all samples studied.

All HDX-MS experiments were performed using a Waters (Milford, MA) Synapt G2-Si coupled to a Waters ACQUITY UPLC M-Class with hydrogen-deuterium exchange technology. Deuterated samples (3 µg) were quenched at 0, 10 seconds, 1, 10, 60 or 240 minutes, before injection onto the UPLC and digested online using a Waters Enzymate Pepsin column (20°C) prior to trapping on a Waters Vanguard C18 trap column (0.5°C). The digested samples were then chromatographically separated using a Waters 1 × 100 mm ACQUITY UPLC BEH C18 Column (130 Ȧ, 1.7 µM) with a 9.5-minute water/acetonitrile (0.1% formic acid) gradient (5--35% acetonitrile) (0.5°C). The column was re-equilibrated by first holding at 75% acetonitrile for 1.5 minutes, then dropping to 5% acetonitrile for another 2 minutes (0.5°C). Eluted samples were ionized using an electrospray ionization source operating at positive ion mode, with the source cone set at 40 V and 80°C. All remaining instrumental, sample handling parameters and procedures were optimized based on previously published methods.^[78](#CIT0078)^ Studies were performed using a data-independent LC-IM-MS approach (HDMS^E^) shown to improve proteome coverage, which was consistent with the additional layer of separation provided by the ion mobility drift time measurement.^[79](#CIT0079)^ Output data and deuterium uptake levels were processed, calculated and manually verified using a combination of Protein Lynx Global Server 3.0 (Waters, Milford, MA) and DynamX 3.0 (Waters, Milford, MA).

RP-LC-MS was performed using a Thermo Fisher Scientific (Waltham, MA) Ultimate 3000 UPLC coupled to an Orbitrap Fusion. Samples were prepared for analysis by buffer exchanging 20 µg of sample into 5% acetonitrile with 0.1% formic acid using Amicon Ultra centrifugal filters with a 10 kDa cut-off. Samples were diluted to 200 µg/ml using the same solvent prior to analysis. Samples (1 µg, 5 µL) were injected and chromatographically separated using a temperature controlled (65 ± 5°C) Waters (Milford, MA) 1 × 150 mm ACQUITY UPLC Protein BEH C4 (300Ȧ 1.7 µM) column, eluting with a 13-minute water/acetonitrile (0.1% formic acid) gradient (20--60% acetonitrile) at a flow rate of 0.15 ml/minute. The column was re-equilibrated by first holding at 95% acetonitrile for 2 minutes, then dropping to 5% acetonitrile for another minute. Eluted samples were subsequently ionized using an electrospray ionization source operating in positive ion mode, with the in-source fragmentation set to 20V, operating at ion transfer tube and vaporizer temperatures of 400 and 200°C, respectively. All mass spectra were acquired using the Orbitrap at a resolution of 15000. Output data were deconvoluted using the Auto ReSpect algorithm within Protein Deconvolution 3.0 (Thermo Fisher Scientific), prior to additional processing and averaging in Microsoft Excel. Protein sequences for all samples, except trastuzumab, were taken from drugbank.ca.^[80](#CIT0080)^ Trastuzumab sequence data were taken from work published by Beck and co-workers,^[81](#CIT0081)^ consistent with heavy chain sequence differences. Common sequence modifications assumed for all mAbs studied included C-terminal lysine cleavages and N-terminal glutamines to pyroglutamine conversion, where relevant.^[82](#CIT0082),[83](#CIT0083)^

Sample selection {#S0004-S2001}
----------------

This study was designed with several considerations regarding the samples selected. First, all samples selected were IgG1 type antibodies.^49^ Second, consistent with ICH recommendations regarding the use of suitable reference materials^[84](#CIT0084)^ to support method evaluation, these studies were expanded to include the NISTmAb.^[28](#CIT0028)^ Third, as we were interested in comparing the effect of thermal stability as a function of accelerated aging on in-date samples, an unopened negative control was included for study against an unexpired sample from the same manufacturer: rituximab lot 1 (Lot\# 3031077) expiration August 2017, rituximab lot 2 (Lot\# 461034) expiration July 2014 (study ended August 2017). In addition, to evaluate the effect of concentration on sample ageing, we chose the biotherapeutic bevacizumab, formulated as a 25 mg/ml solution compared to the 10 mg/ml for both rituximab and the NISTmAb. Last, to compare the effect of lyophilization on long-term product stability, we additionally investigated trastuzumab, which was supplied as a commercial lyophilized product, with a shelf life of 1 month past the reconstitution date at a concentration of 21 mg/ml. All other formulation differences, and brand names, are given in [Table 1](#T0001).
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###### Supplemental Material

[^1]: \* Reported concentrations represent the final product formulation, at the point of use, accounting for any required reconstitution steps.

    \*\* Storage conditions are the reported, manufacturer recommended storage conditions.

    \*\*\* α,α-trehalose dihydrate represents a commonly used bioprotectant.^[29](#CIT0029)^

[^2]: Variable, antigen binding, domain sequence similarity for both the heavy (V~H~) and light (V~L~) chains are presented in brackets. A standardized cut-off at amino acid 120, from the N-terminus, is used to define the limit of the variable domain in both the heavy and light chains. Sequence similarities are greater than 98% in the remaining sequence (amino acid 120 to the C-terminus) for both chains.
